Abstract: Using a combination of numerical simulations and atom-probe tomography experiments, we determine the interfacial energy of Cu nanocrystals precipitated within the amorphous matrix of FINEMET (molar composition Fe72.89Si16.21B6.90Nb3Cu1). Specifically, we use the Langer-Schwartz model implemented in the software Thermocalc to carry out parametric simulations of growth and coarsening of Cu clusters for different interface energies. We have carried out atom-probe tomography (APT) experiments to determine the interface energy as the value for which the simulated particle size distribution best matches the experimental data. This combination of APT and precipitation modeling can be applied to other nanocrystals precipitated within amorphous matrices.
The interfacial energy between precipitates and a matrix is an important property that determines many physical quantities of interest in precipitate-strengthened alloys ̶ from the critical radius, activation energy, and nucleation rate in the early stages of the process, to the coarsening rates of the nanoparticles formed in the matrix. Hence, models of nucleation and growth use interface energy as a key parameter [1] [2] [3] [4] [5] [6] [7] [8] to develop theoretical formulations for nucleation, growth, and coarsening. The early work of Wagner [1] , Lifshitz and Slyozov [2] , assumed sharp interfaces and derived a coarsening law by which the mean radius of a new phase nucleated in a matrix increases as the cube root of time , ( ) = (0) + 1/3 , with the coarsening rate constant depending on interface energy [9] ; models based on diffuse interfaces [10, 11] lead to similar conclusions regarding the coarsening behavior. In the context of Ni-based super-alloys with ' phase precipitates, experimental data from scanning electron and transmission electron microscopy was fit to the 1/3 power-law to determine coarsening rates and interface energy [10] [11] [12] [13] . At the same time, direct, "bottom-up" approaches are also available to assess interface energies. In a model due to Bekker [14] , the interface energy is estimated from the enthalpy difference between the two phases that create the interface, with a pre-factor dependent on the number of atoms and crossbonds per unit area of the interface [14] . The widespread use [15] [16] [17] [18] of the Bekker model stems from its simplicity, generality, and appeal to scientific intuition; however, it assumes simple, atomically planar interfaces, while not allowing for precipitate curvature, diffuse interfaces, compositional variations, or matrix non-crystallinity. While the Bekker model could be replaced by more recent methodologies for optimizing atomic structure and determining interfacial energy [19, 20] , those methodologies may not be efficient when one side of the interface is amorphous.
Furthermore, the use of density functional theory calculations improves the accuracy of the computed interface energy values for planar interfaces [21] , but may not suitably address cases of curved interfaces, amorphous matrices, and compositional gradients.
In this article, we use atom-probe tomography (APT) and growth simulations to tackle the determination of interface energy of a crystalline-amorphous interface between precipitate and matrix, for the case of Cu clusters crystallized in an amorphous FINEMET-type alloy (composition Fe72.89Si16.21B6.90Nb3Cu1). The fundamental importance of the Cu clusters is that they serve as nucleation sites for the larger Fe3Si nanoparticles [22, 23] that are responsible for the soft magnetic properties of annealed, nanocrystalline FINEMET [24] [25] [26] . At the interface of the Cu clusters with the Fe-Si-Nb-B-Cu matrix, the phases are dissimilar in both chemistry and structure: the matrix is amorphous and rich in Fe and Si, while the precipitates are crystalline Cu clusters that are neither planar nor regularly shaped [22, 23, 27] . As such, the Bekker model for interface energy [14] is not applicable, and accurate growth simulations of Cu precipitation in FINEMET have not been pursued so far. We carry out simulations of growth and coarsening via the Langer-Schwartz model [3, 5] to the interface energy value, and the approach can be applied to other nanocrystals crystalized within amorphous matrices as well.
In our characterization procedure, amorphous FINEMET samples (Fe72.89Si16.21B6.90Nb3Cu1, atomic %) were annealed at 540 °C for one hour, after which the specimens were prepared and analyzed using APT. The atom probe analysis was performed on a Cameca LEAP 4000X Si instrument using laser pulsing and a 90 mm flight path. The base temperature was 57.3 K. Laser pulsing was performed at 625 kHz using energies from 30 -60 pJ at a detection rate of 6 to 30 ions per 1000 pulses. The standing bias during analysis was 1200 -7500 V. Transmission electron microscopy was performed on the specimens before and after APT analysis, providing additional constraints for generating the reconstruction [28] . In addition to APT characterization, we also used a precipitation model developed in the TC-PRISMA module [6, 17] (Figure 2, inset) . At  = 0.54 J/m 2 , the Cu clusters nucleate rather rapidly in the simulations, in less than 2 minutes. This rapid crystallization is shown in Figure 3 , and is consistent with the (computed) nucleation rate that drops a few orders of magnitude in the first 2 minutes, and vanishes altogether after about three minutes ( Figure 4) ; the driving force has a similar behavior. The simulation results on nucleation rate and driving force (Figure 4 ) agree reasonably well with older experimental reports showing Cu clusters formed after 5 minutes [22] ; the experiments were carried out at 450 ºC [22] , and it is natural to expect that higher temperatures (such as those in our own experiments and simulation) lead to faster formation of the Cu clusters.
The number density of Cu clusters in our simulations stabilizes at 10 24 m -3 [ Figure 4 (b)], which is close to the density reported experimentally. [22, 37] law from the sharp interface [2, 13] or diffuse interface models [10] [11] [12] . Instead, two linear portions, one for growth and one for coarsening, seem to describe the evolution [ Figure 3 [38] have investigated the optimization of Cu concentration in FINEMET-type alloys so that the magnetic permeability of the alloy is maximized after the secondary crystallization. In this respect, the Cu clusters should have sufficient number density, while also being large enough to serve as nucleation centers for the D03 phase [38] . Thermocalc simulations with the correct interface energy can be carried out for target number density and mean size or Cu clusters, and thus could subsequently aid for magnetic property optimization.
In conclusion, we have used APT and parametric simulations of growth in Thermocalc to determine an interface energy of 0.54/ m 2 for Cu crystalline clusters in amorphous FINEMET. In the process, we have shown that the growth of Cu clusters is highly sensitive to the interface energy value, and that the currently used Bekker model [14] files are available for public access at https://citrination.com/datasets/157196/show_files.
